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ABSTRACT 
The main ma te r ia l  p rope r t i es  a f f e c t i n g  the  exp los ive  w e l d a b i l i t y  o f  
a c e r t a i n  metal combinat ion a re  the  y i e l d  s t rength,  t he  d u c t i l i t y ,  t he  
dens i t y  and the  sonic v e l o c i t y  o f  t he  two metals.  Successful welding o f  
t he  metal combination depends ma in l y  on the  c o r r e c t  choice o f  t he  
explos ive weld ing parameters; i .e .  t h e  s tand-o f f  distance, the  weight o f  
t he  exp los ive  charge r e l a t i v e  t o  the  weight  o f  t he  f l y e r  p l a t e  and the  
detonat ion v e l o c i t y  o f  t h e  explos ive.  
Based on t h e  measured and the  handbook values o f  t he  proper t ies  o f  
i n t e r e s t ,  t h e  exp los ive  welding parameters were ca l cu la ted  and the  
arrangements f o r  t h e  exp los ive  welding o f  t he  A1 -a1 l o y  6061-T6, t i t a n i u m  
and z i rconium t o  OFHC-copper were determined. The r e l a t i v e l y  small 
sheet metal  th ickness (118") and the  f a c t  t h a t  t he  th ickness o f  t he  
exp los ive  l a y e r  must exceed a c e r t a i n  minimum value were considered 
du r ing  t h e  determinat ion o f  t he  exp los ive  welding cond i t ions .  The 
r e s u l t s  o f  the  metal l og raph ic  i n v e s t i g a t i o n s  and t h e  measurements o f  t he  
shear s t reng th  a t  the  i n t e r f a c e  demonstrate the  usefulness o f  these 
c a l c u l a t i o n s  t o  minimize t h e  number o f  experimental t r i a l s .  
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INTRODUCTION AND OBJECTIVES 
Cladding o f  d i s s i m i l a r  sheet meta ls  can be achieved by exp los ive  
welding (1-4)-  The p a r a l l e l  c o n f i g u r a t i o n  shown i n  F igure  1 i s  used 
when t h e  sheet metals a re  o f  r e l a t i v e l y  l a r g e  p lanar  dimensions. The 
main explos ive welding parameters are  t h e  detonat ion v e l o c i t y  o f  t h e  
explosive, t he  weight of t h e  exp los ive  charge r e l a t i v e  t o  t h a t  o f  t h e  
f l y e r  p l a t e  (c/m r a t i o )  and the  s tand -o f f  d is tance between the  f l y e r  and 
the  base p l a t e ,  t h e  de terminat ion  o f  t he  exp los ive  weld ing parameters, 
which produce good m e t a l l u r g i c a l  bond a t  t h e  i n t e r f a c e ,  i s  governed by 
the  density,  t he  sonic v e l o c i t y ,  and t h e  p l a s t i c  p rope r t i es  o f  t h e  f l y e r  
and base p l a t e  m a t e r i a l s  besides t h e  th ickness o f  the  f l y e r  p la te .  
The ob jec t i ves  o f  t h i s  program were t o  c l a d  OFHC-copper p l a t e s  t o  
p la tes  o f  t he  aluminum a l l o y  6061-T6, t i t a n i u m  (ASME SB265GR2) and 
zirconium (ASTM €3551-79). The exp los ive  weld ing parameters were 
ca lcu la ted  and the  q u a l i t y  o f  the  r e s u l t i n g  bond was evaluated. 
MATERIAL PROPERTIES 
The y i e l d  s t reng th  ( m a s ) ,  t h e  u l t i m a t e  t e n s i l e  s t reng th  ou and 
t h e  percent e longat ion  6 o f  t h e  ma te r ia l s  used i n  t h i s  program were 
measured, w h i l e  t hc  densi ty ,  t he  sonic v e l o c i t y  C and t h e  m e l t i n g  
temperature Tm are  t h e  handbook values (5),  Table 1. 
Tab1 e 1 : Mate r ia l  Proper t ies  
Ma te r i a l  
T i  t a n i  um Z i  r c o n i  um 
Property ASME SB ASTM B 
A1 6061-T6 OFHC Copper 265 GR2 551-79 
3 PC (g,m/cm .s) 13784 32077 23154 23184 
( Impedance) 
Thickness (mm), 3.18 (1/8" 
SELECTION OF THE WELDING PARAMETERS 
The exp los ive  we1 d i  ng parameters were se lec ted  us ing  t h e  approach 
summarized by Ezra (2) and exper imenta l ly  v e r i f i e d  by Hegazy and 
Badawi (6).  
The s tand -o f f  distance, i .ee  the  i n i t i a l  gap between the  two p la tes ,  
was taken equal t o  t he  th ickness o f  t h e  f l y e r  p l a t e  = 3.175 mm, The 
detonat ion v e l o c i t y  o f  t h e  exp los ive  should be between %/2  and 213 o f  
the sonic v e l o c i t y  o f  t he  slower o f  t h e  two metals.  Since copper i s  t he  
common m a t e r i a l  and i t  has t h e  lowest  sonic v e l o c i t y  o f  3580 m/s, Table 
1, t h e  de tonat ion  v e l o c i t y  o f  t he  exp los ive  i n  t he  th ree  metal 
combinations Cu/Al , Cu/Ti and Cu/Zr should be h igher  than 1790 m/s and 
lower than 2386 m/s. Amatol w i t h  80% ammonium n i t r a t e  and 20% TNT was 
used i n  t h e  powder form as an explos ive.  The detonat ion  v e l o c i t y  o f  
Amatol was found t o  change w i t h  the  th ickness o f  the  exp los ive  l a y e r  as 
i n d i c a t e d  i n  F igure  2. Explos ive l a y e r s  w i t h  a th ickness l e s s  than 25 mm 
may produce u n r e l i a b l e  detonat ion. The choice o f  t h e  th ickness o f  
the  exp los ive  l a y e r  i s  governed by the  d e n s i t y  and t h e  th ickness o f  t he  
f l y e r  p la te .  This  i s  ev ident  from t h e  f o l l o w i n g  r e l a t i o n  
Where c = weight  per  u n i t  area o f  t he  exp los ive  
m = weight  per  u n i t  area o f  t h e  f l y e r  p l a t e  
t = dens i t y  and th ickness 
The subscr ip ts  ex and f re fe r  t o  t h e  explos ive and t h e  
f l y e r  p l  a t e  respec t i ve l y ,  
Copper i s  chosen as a f l y e r  p l a t e  f o r  t h e  f o l l o w i n g  reasons: 
5 .  Copper has the  h ighes t  d u c t i l i t y ,  Table 1, and hence i t  can 
wi thstand the  h igher  p l a s t i c  deformations due t o  double 
p l a s t i c  bending, 
ii. Copper has the  h ighes t  densi ty ,  Table 1, and hence t h e  c/m 
r a t i o ,  Eq ( I ) ,  can be kept  as low as c/m = 0.9 t a k i n g  i n t o  
cons idera t ion  t h a t  t h e  th ickness o f  the  exp los ive  l a y e r  may 
n o t  be less3than 25 mm and the  dens i t y  o f  t he  exp los ive  
Pex 1 g/cm . Higher values o f  c/m w i l l  reduce the  bonding 
s t reng th  (6). 
Re fe r r i ng  again t o  F igure  2, t h e  de tonat ion  v e l o c i t y  corresponding t o  an 
explos ive l a y e r  o f  25 mm i s  about 3500 m/s. This  va lue i s  highep than 
the  maximum a l lowab le  detonat ion v e l o c i t y  o f  2386 m/s, Add i t i on  o f  s a l t  
t o  Amatol reduces t h e  de tonat ion  v e l o c i t y  as shown i n  F igure 3. Using 
an Amatol -sa l t  m ix tu re  o f  18% s a l t  g ives i n  t he  average a detonat ion 
v e l o c i t y  o f  Vd = 2300 m/s. 
The est imated values of t h e  exp los ive  welding parameters a re  
the re fo re  as fo l l ows  : 
s tand-o f f  d is tance = 3.175 mm 
c/m r a t i o  = 0.9 
(copper as f l y e r  p l a t e )  
detonat ion v e l o c i t y  V d  = 2300 m/s 
These values w i l l  be used t o  check the  r e s u l t i n g  p l a t e  impact v e l o c i t y  
Vp and the  r e s u l t i n g  impact pressure P a t  t h e  i n t e r f a c e .  The 
approximate re1  a t i o n  (2)  
can be used t o  o b t a i n  the  impact pressure, where and 
$2 are  the  acoust ic  impedances o f  t he  c o l l  i d i n g  pfit:f 'and Vp i s  
the , impact  v e l o c i t y .  F igure 4  shows a  graphical  representa t ion  o f  Eq 
(2)  f o r  the  requ i red  m a t e r i a l  combinations Cu/A1, Cu/Ti and Cu/Zr us ing  
the  values o f  t he  impedence g iven i n  Table 1. 
The p l a t e  impact v e l o c i t y  may be r e l a t e d  t o  the  detonat ion v e l o c i t y  
and t h e  c/m r a t i o  through the  empi r ica l  equat ion o f  Deribas e t  a l .  g iven 
i n  Reference (2) 
where x = (1+1 . I85 f)% 
S u b s t i t u t i n g  t h e  values o f  c/m = 0.9 and V = 2300 m/s gives V = 496 
m/s. From F igure  42the p l a t e  impact pressure w i l l  be 4850 N/mm f o r  
Cu/A1 and 6600 N/mm f o r  CulTi and Cu/Zr. Comparing those values w i t h  
the  s t a t i c  y i e l d  s t reng th  o f  t he  metals ( ~ , 5 ) ,  Table 1, the  impact 
pressure i s  about 18 t imes t h e  y i e l d  s t reng th  o f  t he  s t ronger  A l - a l l o y  
(Cu/A1) and about 19 times t h e  y i e l d  s t reng th  o f  t he  st ronger t i t a n i u m  
(Cu/Ti) and about 16 t imes t h e  y i e l d  s t reng th  o f  t he  s t ronger  z i rconium 
(Cu/Zr). These f i g u r e s  a re  h igher  than the  values repor ted  by Ezra(2) 
o f  10-12 times t h e  y i e l d  s t reng th  o f  t he  s t ronger  o f  t he  two metals.  
However, an ana lys i s  c a r r i e d  o u t  by Hegazy and Badawi(6) o f  t he  
experimental r e s u l t s  o f  Zhengkui e t  a1 . (7)  showed t h a t  good welding i s  
achieved a t  impact pressures which a re  up t o  25 times t h e  y i e l d  s t reng th  
o f  the  s t ronger  o f  t he  two metals.  
EXPLOSIVE WELDING EXPERIMENTS 
The ca l cu la ted  exp los ive  welding parameters were checked 
exper imenta l ly  us ing  p la tes  o f  150 x 300 mm p lanar  dimensions. A No. 8  
detonator and l o g  Detasheet booster a re  used t o  i n i t i a t e  the  exp los ive  
r e a c t i o n  along the  p l a t e  length .  A 19-mm t h i c k  hard board i s  used as an 
energy s ink.  Before assembling the  mating surfaces o f  t he  metal p la tes  
were cleaned and degreased. 
QUALITY OF WELDMENTS 
The qua1 i ty  o f  the  we1 dments was evaluated through metal 1 ographi c 
i nves t i ga t i ons  and shear s t rength  measurements a t  t h e  i n te r face .  
Figures 5, 6 and 7 show the  shape o f  t h e  i n t e r f a c e  a long sect ions 
p a r a l l e l  and normal t o  t h e  d i r e c t i o n  o f  detonat ion f o r  t he  metal 
combinations CuIA1, Cu/Ti and Cu/Zr respec t i ve l y .  A s t r a i g h t  i n t e r f a c e  
resu l ted  between copper and a1 umi num, a uni form wavy i n t e r f a c e  r e s u l t e d  
between copper and t i t a n i u m  and nonuniform wavy i n t e r f a c e  was achieved 
between copper and zirconium. Sa t i s fac to ry  welds can be obtained w i t h  
a l l  th ree types of in ter faces (8), provided no excessive me l t i ng  
takes p lace a t  t h e  i n te r face .  Theoret ica l  and experimental ana lys is  o f  
wave formation du r ing  explos ive welding has been the  sub jec t  o f  many 
pub l ica t ions ,  e.g. (9,lO) 
The shear s t rength  a t  t he  i n t e r f a c e  was a lso  measured p a r a l l e l  and 
normal t o  t h e  d i r e c t i o n  o f  detonat ion i n  t h e  way shown schemat ical ly  i n  
Figure 8. The cros -sec t iona l  area o f  t h e  tes ted i n t e r f a c e  ranges B 
.between 3 and 20 mm . The r e s u l t s  o f  t h e  shear t e s t s  are summarized 
i n  Table 2 together  w i t h  t h e  shear s t rength  (=1l2oU) o f  the  metals before 
c l  addi ng . 
Table 2: Results o f  t he  shear t e s t s  a t  t he  weld 
i n t e r f a c e  f o r  t he  th ree  metals combinations 
I n i t i a l  Shear st renqth a t  the  i n t e r f a c e  
Metal s h e a ~  s t reng th  - ~ l m m ~  
combination Nlmm para1 1 e l  normal 
It can be seen from Table 2 t h a t  t h e  shear s t rength  a t  the  
i n t e r f a c e  o f  a11 mate r ia l  combinations i s  h igher than the  i n i t i a l  shear 
s t rength  o f  t he  weaker metal . 
CONCLUSIONS 
1. The ca lcu la ted  explos ive welding parameters f o r  t he  used mater ia l  
combinations produced h igh -qua l i t y  weldments a f t e r  t he  f i r s t  shot. 
2. The impact pressure a t  t he  i n t e r f a c e  can be as h igh  as 19 t imes t h e  
y i e l d  s t rength  o f  the  st ronger o f  t he  two metals w i thout  causing 
excessive me1 t i n g .  
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Figure 1 : P a r a l l e l  c o n f i g u r a t i o n  f o r  t h e  exp los ive  weld ing o f  two p l a t e s  
F igure 2:  E f f e c t  o f  t h e  th ickness o f  t h e  exp los ive  l a y e r  tex on the  detonat ion 
v e l o c i t y  Vd 
191 
Figure 3: Effect of the percent salt on the detonation velocity Vd for an 
explosive layer of a thickness of 25 mm 
Figure 4: Relations between the impact velocity Vp on the impact pressure 
P at the interface for the material combinations Cu/Al , Cu/Ti and 
Cu/Zr 
pa ra l  1  e l  
F i g u r e  5: C u l A l - i n t e r f a c e  pa ra l  l e l  and normal t o  t h e  d i r e c t i o n  o f  
deno ta t ion .  Copper i s  etched f o r  con t ras t ,  150X 
para1 l e l  
normal 
F i g u r e  6: Cu /T i - i n te r f ace  p a r a l l e l  and normal t o  t h e  d i r e c t i o n  o f  
































































representation of the shear strength measurement at the 
